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Elucidation of fast chemical reactions such as protein
folding requires resolution on a submillisecond time
scale. However, most quench-flow and stop-flow tech-
niques only allow chemical processes to be studied after
a few milliseconds have elapsed. In order to shorten the
minimum observation time for quench-flow experiments,
we designed a miniaturized mixer assembly. Two ªTº
mixers connected by a channel are etched into a 1 cm 
1 cm silicon chip which is interfaced with a commercially
available quench-flow instrument. Decreasing the volume
of the mixing chambers and the distance between them
results in an instrument with greatly reduced dead times.
As a test of submillisecond measurements, we studied the
basic hydrolysis of phenyl chloroacetate. This reaction
proceeds with a second-order rate constant, k ) 430 M-1
s-1, and shows pseudo-first-order kinetics at high hydrox-
ide concentrations. The chemical reaction data demon-
strate that the silicon device is capable of initiating and
quenching chemical reactions in time intervals as short
as 110 ís. The performance of these mixers was further
confirmed by visualization using acid-base indicators.
A primary technique used to determine the rate constant of
liquid phase chemical reactions is the rapid mixing of two solutions
and the measurement of the time-dependent concentrations of the
products formed. Several mixers have been developed in order
to achieve efficient mixing in a few milliseconds. The Ball mixer
described by Berger and co-workers1 utilizes the turbulent wake
of a spherical surface and is currently used in commercially
available stop-flow and quench-flow instruments. Free jet2,3 and
multicapillary4 mixers have been shown to mix in the microsecond
time scale but are limited to only a single mixing stage and
continuous-flow or pulsed-accelerated-flow5,6 operation and are,
therefore, currently not applicable to stop-flow or quench-flow
techniques. All of these mixers operate on the principle that high
turbulence generates vorticity, which increases the contact area
of the reactants and reduces the mixing distance. Since diffusion
over small distances is fast, rapid mixing is achieved.
Stop-flow and quench-flow methods are the most common
techniques used to investigate protein folding. In a stop-flow
instrument, refolding occurs after rapid dilution of a chemically
unfolded protein,7,8 and the process is studied by a variety of
spectroscopic techniques.9 In contrast, quench-flow instruments
contain a series of mixers that start and stop a reaction over a
defined period of time. The product is analyzed afterward,
independent of the instrument. The minimum observation time
is determined primarily by the dead time of these instruments,
which is dependent on the shortest delay lines, the mixing
efficiency, and the fluid flow rates. To date, observation times
for stop-flow and quench-flow instruments of less than a few
milliseconds have not been attainable. Initial events, such as
collapse of a polypeptide chain and secondary structure formation
in proteins, often cannot be observed. Revealing these processes
has been the major driving force in developing new experimental
methods.10 Eaton and co-workers11 recently described a study of
cytochrome c folding in the submillisecond time scale using a
continuous-flow method based on the ideas of Clegg and co-
workers.12 Despite the valuable insights into fast protein folding
kinetics provided by these techniques, they provide only limited
structural information. Detailed structural data in proteins can
be obtained by examining the exchange of hydrogens and
deuterons, followed by structure analysis using NMR13,14 or mass
spectrometry.15,16 However, this approach typically requires more
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than one mixing stage and cannot be performed in continuous-
flow apparatus.
Recent advances in silicon micromachining make it feasible
to miniaturize mixer assemblies onto a single silicon chip. To
date, micromixing devices17-20 operate in low Reynolds number
regimes and have mixing times on the order of seconds. We show
here that decreasing mixer volume and distances between the
mixing chambers combined with high flow velocities enabled us
to achieve greatly reduced dead times.21
To validate the performance of the new mixer design, we
studied the basic hydrolysis of phenyl chloroacetate (PCA, shown
in Figure 1). This reaction is superior to the commonly used
hydrolysis of 2,4-dinitrophenyl acetate (DNPA)22 for measure-
ments in the submillisecond time scale, because it proceeds with
the same chemical mechanism but has a higher rate constant.
We also confirmed mixing events visually, using chemical indica-
tors as mixing probes.23
EXPERIMENTAL SECTION
Materials. Phenyl chloroacetate (PCA, Catalog No. 04-3523)
was purchased from Ryan Scientific, Inc. Standardized sodium
hydroxide solutions were obtained from Mallinckrodt Baker, Inc.
All other chemicals were of the highest purity available. Silicon
wafers (〈110〉) were obtained from International Wafer Service;
custom-polished 500 ím Pyrex 7740 glass slides were supplied
by Specialty Glass Products, Inc. The quench-flow instrument, a
BioLogic SFM-4/Q with an MPS-52 microprocessor unit, was
purchased from Molecular Kinetics Inc. (Pullman, WA). It was
equipped with 5 and 20 mL Kel-F syringes, delay lines from 17 to
190 íL, and a diverting exit valve. Spectroscopic data were
collected using a Shimadzu UV-1601 spectrophotometer with a
16-cell changer.
The silicon chips are comprised of two basic ªTº mixers
connected by delay lines of different lengths. The mixer channels
were etched into the silicon with potassium hydroxide using
thermal oxide as a mask. Mixer delay line volumes were
measured using scanning electron microscopy. An outlet hole
(750 ím diameter) was drilled into the silicon chip before
anodically bonding the chip to the glass slide, which contained
the three inlet holes. The chip was clamped between two custom
machined Kel-F pieces, which served as both holder and interface
to the BioLogic instrument. This assembly permits injections with
flow rates as high as 1.5 mL/s into the mixer chip.
Measurements. The efficiency of the chip design was
determined using the basic hydrolysis of phenyl chloroacetate to
phenol and chloroacetate. This reaction is quenched in the
presence of acid, and the concentration of phenol was measured
spectrophotometrically at 270 nm (Figure 2). The rate constant
of PCA hydrolysis was determined with varying hydroxide
concentrations. PCA was diluted in a buffer containing 50 mM
sodium citrate, 50 mM sodium phosphate, and 50 mM sodium
borate, at the indicated pH. Data for pH 0 were obtained using 1
M HCl.
The BioLogic SFM-4/Q uses computer-controlled stepper
motors to drive four independent syringes. Flow velocity and
delivery volume for each syringe are controlled by a driving
sequence, which allows injection of the reactants with precisely
controlled flow velocities up to 1.5 mL/s with 5 mL syringes or
8.0 mL/s with 20 mL syringes into the mixer assembly. The 20
mL syringes were used in conjunction with the commercial Berger
ball mixers, whereas the 5 mL syringes were used with the silicon
chips. Total sample volume varied from 300 (silicon mixers) to
900 íL (ball mixers). The PCA solution was prepared as a 100
concentrated stock in 2-propanol, which was subsequently diluted
in 10 mM sodium citrate pH 3.0 (final concentration of PCA, 1.5-
2.5 mM) and filtered. Acid concentration was adjusted to yield a
slight excess after quenching, depending on the hydroxide
concentrations used (0.5-2.0 M). The temperature of the instru-
ment was held at 20 °C, and the PCA solution and the hydrolysis
samples were chilled on ice to slow background hydrolysis.
Reaction times were controlled by varying the flow velocity of
the reaction mixture and using chips with different delay lengths
between mixers. The reaction mixture was sampled into a 1 mL
graduated glass syringe and transferred immediately to a chilled
test tube. To minimize artifacts, all driving sequences included
purge steps before and after collection of the sample. In each
experiment, at least four independent samples were analyzed for
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Figure 1. Reaction scheme for the basic hydrolysis of phenyl
chloroacetate to phenol and chloroacetate.
Figure 2. Spectral time course of PCA hydrolysis at pH 7.5, 25 °C.
Times after mixing are 0, 1, 5, 10, 19, 30, 51, and 113 min.
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each time point; the absorbance of each sample was averaged over
five readings.
To visualize the mixing events, a Plexiglas holder was
machined to connect the chip to the fluid delivery system of the
quench-flow instrument. Pictures were taken using a 100 mm
macrolens with an extension tube, 400 ASA film, an aperture of f
) 4, and a shutter speed of 1/250 s. Mixing events were
documented using the pH-induced color change of bromothymol
blue.
RESULTS
Figure 2 shows the spectral time course of the reaction. The
maximum change in absorbance occurs at 270 nm, and an
isosbestic point was observed at 248 nm. The absorbance at 270
nm was used to calculate the concentration of the product phenol;
the absorbance at the isosbestic point was monitored to assess
the quality of the data, since it indicates the total concentration
of PCA and phenol and is constant over an experiment.
The hydrolysis of PCA at different pH's, measured by mixing
the PCA solution with the appropriate buffer, is shown in Figure
3. For a reaction obeying pseudo-first-order kinetics, the change
in absorbance with time can be described as
where k′ is the pseudo-first-order rate constant for a particular
pH. Rate constants extracted from the pH data were used to plot
a pH rate profile (Figure 4). The rate constant for an ester
hydrolysis can be written as
A minimum reaction rate was found at about pH 3. Below pH
3, the rate constant is increased by acid hydrolysis. Above pH 3,
basic hydrolysis dominates. At higher pH's, the curve becomes
linear with a slope of 1, indicating pseudo-first-order kinetics. In
the latter case, the rate constant for neutral and acidic hydrolysis
become negligible, and the second-order rate constant for the
basic hydrolysis, k, is given as
Extrapolating the data to concentrations of 1 M hydroxide (pH
14) results in a second-order rate constant of 444 M-1 s-1.
To demonstrate the utility of the basic hydrolysis of PCA as a
calibration reaction for quench-flow instruments, we performed a
series of experiments with the commercially available BioLogic
Berger ball mixers, as shown in Figure 5. The rate constant is
obtained as the slope of a linearized form of eq 1:
The second-order rate constant, averaged over 14 experiments,
is 363 ( 21 M-1 s-1. This corresponds to a half-life of 2.7 ms in
1 M hydroxide. The dead time, calculated by extrapolation to
the x axis (as shown in Figure 5), is 1.6 ( 0.7 ms, which is within
the specifications given by the manufacturer. The minimum
observation time in these experiments is 2.8 ms, which is
determined by the maximum flow rate and the minimum delay
line volume.
A typical experiment using the silicon micromixers is shown
in Figure 6. A second-order rate constant of 430 ( 47 M-1 s-1
was determined from 14 experiments. The dead time in this
system is 0.1 ( 0.1 ms. Due to the small volume of the shortest
delay line, the reaction can be analyzed after observation times
as short as 110 ís. The flow velocities varied from 0.5 to 2.5 mL/s
Figure 3. Time course of PCA hydrolysis at various pH’s, measured
by manual mixing at 270 nm. Data were fit using a single exponential.
A(t) ) (A0 - A∞)e
-k′t + A
∞
(1)
k′ ) kH3O+[H3O
+] + kneutral + kOH-[OH
-] (2)
Figure 4. pH rate profile for PCA hydrolysis measured by manual
mixing (9). At pH’s greater than 8.5, the rate constants are log-linear
with pH, and the slope of 1 indicates pseudo-first-order kinetics. Rate
data obtained from quench-flow experiments using the silicon mixers
at pH 14 are also shown (4).
k ) kOH- )
k′
[OH-]
(3)
-ln(At - A∞A0 - A∞) ) k′t (4)
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in the first mixing stage, corresponding to a velocity of up to 44
m/s at the exit hole.
Lowering the flow velocities below 0.5 mL/s in the silicon
mixers results in deviation from linear behavior (data not shown),
indicating suboptimal mixing. The Reynolds numbers at flow
velocities from 0.5 to 2.5 mL/s are calculated to be 1000-4400
for the first mixing stage and 1600-7900 for the second.
Visualization confirmed the chemical data. At low flow veloci-
ties, such as 0.2 mL/s, a clearly visible interface between the two
fluid streams could be seen throughout the entire mixing
chamber. At flow velocities higher than 0.5 mL/s, such a
boundary could not be discerned, indicating complete mixing
(Figure 7). A spatial offset of roughly 1 mm between the point
where the solutions initially meet and where they are completely
mixed is observed. An offset of approximately the same distance
occurs after both mixing stages; therefore, the overall delay length
is not changed significantly with flow velocities.
DISCUSSION
A common benchmark for testing quench-flow apparatus is
the basic hydrolysis of 2,4-dinitrophenyl acetate (DNPA). How-
ever, this reaction is too slow to assess submillisecond mixing
since it has a half-life of 18 ms (k ) 55 M-1 s-1) in 1 M hydroxide.22
Achieving faster rates by increasing the base concentration is
undesirable because of excessive heat generation, increased
viscosity, and corrosion of the instrument. To circumvent these
limitations, we studied the hydrolysis of PCA (Figure 1). The
electron-withdrawing effect of the chlorine increases the suscep-
tibility of the carbonyl to nucleophilic attack and thus raises the
hydrolysis rate constant.
In order to search for appropriate experimental conditions to
study PCA hydrolysis, we measured the time-resolved spectra and
the pH dependence of the reaction. To maximize sensitivity,
absorbance was measured at 270 nm, where the spectra of the
reactants and products differ most. The absorbance at the
isosbestic point (248 nm) indicates the total concentration of PCA
and phenol and is monitored to confirm the correct volume
delivery of all the syringes.
Evaluation of the rate constant with regard to the pH shows
the anticipated pseudo-first-order kinetics at high hydroxide
concentrations. Extrapolating to 1 M hydroxide gives a rate
constant of 444 M-1 s-1, corresponding to a half-life of 2.3 ms.
The 350-fold increase in the rate constant compared to that of
phenyl acetate (1.26 M-1 s-1) correlates well with the observed
difference in hydrolysis rate constants24 between ethyl acetate
(0.113 M-1 s-1) and chloroethyl acetate (36.6 M-1 s-1). The short
half-life of PCA hydrolysis makes the reaction suitable for data
acquisition in the low millisecond to submillisecond time regime.
Experiments using the BioLogic Berger ball mixers reveal a
slightly slower rate constant of 363 M-1 s-1 for PCA hydrolysis
compared to that obtained using the silicon mixers. A similar
trend is observed for the hydrolysis of DNPA. We confirmed the
value of 48 M-1 s-1 given by the manufacturer, which is also lower
than the published rate constant22 of 55 M-1 s-1 (data not shown).
Analysis of PCA hydrolysis performed on the silicon mixers
yields a rate constant of 430 ( 47 M-1 s-1 averaged over 14
experiments, which agrees with the results obtained by extrapola-
tion from the manual mixing pH studies (Figure 4). The data
show good agreement not only between different flow velocities
in one chip but also between different delay lines in different chips.
As seen with the DNPA hydrolysis, the difficulty in detecting small
amounts of the product results in slightly larger uncertainties in
the lower time regime. After 200 ís, less than 10% of the PCA
has reacted. In addition, the influence of the background
hydrolysis increases when less product is formed. The average
dead time of these mixers is approximately 100 ís. The minimum
observation time of 110 ís is more than 10 times faster than any
currently available quench-flow system.
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Figure 5. Typical kinetics data obtained using commercial mixers
with delay lines of 22 (b), 39 (2), and 62 íL (9). Flow velocities varied
from 1.8 to 3.8 mL/s for each delay line. Concentration of hydroxide
is 0.25 M in the mixing chamber.
Figure 6. Typical kinetics data obtained using silicon mixers with
delay lines of 2.66 (0.27 íL, O), 5.33 (0.53 íL, 0), 10.66 (1.0 íL, [),
and 21.33 mm (1.97 íL, 9). Flow velocities varied from 0.5 to 2.5
mL/s for each delay line. Concentration of hydroxide is 0.66 M in the
mixing chamber.
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Since the mixers are comprised only of straight channels,
mixing in the basic ªTº mixers relies only on turbulent flow. In
our system, calculated Reynolds numbers larger than 1000 for
the first mixing stage are reached with flow velocities higher than
0.5 mL/s. Since the flow velocity is increased in the quench step,
the Reynolds numbers are always higher in the second stage.
Consequently, the mixing efficiency in the second mixing stage
is always equal to or better than that in the first stage.
In addition to chemical hydrolysis data, the pH-dependent color
change of an indicator dye was observed to study mixing efficiency
because the reaction time of a proton transfer is negligible
compared to the time scale of the mixing.23 The final step in this
reaction, a change in color, clearly indicates complete mixing. At
flow velocities less than 0.2 mL/s, no significant mixing was
observed. At velocities higher than 0.5 mL/s, the observed color
change confirmed complete mixing, with a finite spatial offset after
both mixing stages (Figure 7). This agrees quite well with the
model that high turbulence is necessary and sufficient to ensure
mixing. Above this critical flow velocity, the mixing offset remains
at approximately 1 mm. Nevertheless, the overall length of the
delay line is not affected, since the offsets are roughly the same
in both mixing stages.
CONCLUSION
The first mixer system capable of initiating and quenching a
chemical reaction in as short as 110 ís was presented. The mixers
were designed by miniaturizing simple ªTº mixers using silicon
micromachining technology. A simple interface that couples the
micromixers to the macroscopic world allows the use of a common
quench-flow instrument for computer-controlled fluid delivery.
Finally, PCA hydrolysis was introduced as a convenient test
reaction for calibrating quench-flow instruments in the submilli-
second time regime.
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Figure 7. Visualization of the mixing events in the 2.66 mm silicon mixer using the color change of the acid-base indicator bromothymol blue.
In contrast to the chips used for the PCA hydrolysis studies, the chip shown here was manufactured using deep reactive ion etching. Bromothymol
blue (inlet A, neutral form, green) is mixed with HCl (inlet B), changes color to yellow (acidic form), and is subsequently mixed with NaOH (inlet
C), resulting in a blue color (basic form) before the mixture leaves the chip (outlet D). (A) Flow velocity of 0.2 mL/s, which results in incomplete
mixing. (B) Flow velocity of 0.75 mL/s, which results in complete mixing.
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